Given the direct effects of their dams on hydrology, sediment storage, and vegetation, beaver are widely acknowledged as ecosystem engineers. Here we explore the effects of beaver activity on channel processes and riparian plant recruitment beyond those dams and after dam abandonment in southwestern Montana, USA. Willow cuttings from beaver herbivory are commonly deposited along point bars, adding roughness and promoting sediment accumulation. Most cuttings are found <1 km downstream of an active dam. These cuttings often sprout, aiding in willow colonization and bar stabilization. Thirty-four radiocarbon ages show that beaver cuttings have accumulated by similar processes over thousands of years, adding to floodplain carbon storage. Breached dams can initiate meanders, increasing channel and riparian habitat diversity. Beaver activity thus generates a cycle of frequent disturbance, from dam building and riparian plant browsing through dam failure and abandonment, with each phase influencing channel and floodplain evolution and riparian plant recruitment.
Beaver-generated disturbance extends beyond active dam sites to enhance stream morphodynamics and riparian plant recruitment Riparian ecosystems are coming under increasing stress from changing climate, increasing demands on water, and loss of flood-induced disturbance 1 . In addition, given the strong influence of beaver on fluvial and riparian function, and their decline across much of their native Northern Hemisphere habitat 2 , these ecosystem engineers have become an important area of focus in riparian science. Attention has centered on the effects of intact dams 3, 4 and direct impacts of herbivory 5, 6 . Nonetheless, there has been limited investigation of the effects of beaver activity on stream reaches and riparian vegetation beyond their iconic dams and ponds, or on the continuing impacts of breached and abandoned dams. For example, beaver are notorious herbivores, generating a steady supply of beaver-chewed wood 7 that is often transported downstream. Although seed dispersal may be the dominant and critical form of reproduction for riparian plants, sprouting from stem fragments can also play an important role in riparian plant reproduction, particularly for species that are adapted to floodplain disturbance 8 . In prior research along beaver-occupied streams in southwestern Montana and the Rocky Mountain region, we observed that willow cuttings produced by beaver herbivory and dam building are commonly transported downstream and accumulate along channel margins. Thus, we asked whether beaver-generated willow cuttings are deposited and sprout in sufficient quantities to facilitate riparian colonization in reaches below active beaver dams; whether cuttings and sprouts promote further sediment deposition; and if cuttings deposition has been a widespread and long-continued process, which can be addressed through identification and radiocarbon dating of subfossil willow cutting accumulations. In addition, we saw that beaver dam remnants often persisted for some years after breaching and abandonment, with the potential to influence channel morphology and evolution. Here, we document the continuing effects of remnant dams to consider the impacts of beaver beyond the life of active dams and ponds.
The entire network of a beaver occupied stream appears to be influenced by their presence, as dam sites cycle through being maintained, abandoned and ultimately failing. We have focused our work on three streams in the upper headwaters of the Missouri River System in southwestern Montana (Table 1 , Fig. 1 ) that all feature , where Chi-squared likelihood ratio tests were used to assess how each parameter affected mean willow cutting length at sites as: χ 2 (degrees of freedom) = test statistic, p = p-value. Where appropriate, we also include the mean and standard error of the mean (SE).
As beaver harvest willow for dam construction, food caches, and immediate consumption near active dam sites, these sites were hypothesized to be the most important parameter influencing total willow cutting length. Model results show that the distance downstream from an active dam significantly explains variability in total cutting length (χ 2 (1) = 4.49, p = 0.03) (Fig. 4) , and that total cutting length decreases by 0.06 cm/m (SE ± 0.03 cm/m) downstream of a dam site. We also hypothesized that the total number of dams upstream of a site would be important in the total cutting length, but this was not the case, as the farthest downstream site, with 7 dams on the stream above it, had the lowest total cutting length. Even the most upstream reach, with only 2 dams above it, had a greater total cutting length. Most cuttings are found less than ~1 km downstream of an active dam. These findings suggest that the mean travel distance of cuttings between sources and depositional sites is relatively low, and that dams efficiently trap cuttings from upstream.
Channel morphology strongly controls deposition of willow cuttings, creating distinct populations of cutting accumulations among point bars, straight reaches, and cutbanks (χ 2 (2) = 6.41, p = 0.04), where point bars accumulate the greatest cutting length (mean = 202.8 cm (SE ± 33.2)), and cutbanks the least (Fig. 4) . Because point bars were dominant locations of accumulation, we subdivided point bar sampling sites by upstream, midpoint and downstream locations. Point bar location was important in explaining much of the variability in total cutting length between sites (χ 2 (2) = 770.13, p < 0.001), with downstream bar sites having the greatest cutting length (mean = 278.9 cm (SE ± 59.1 cm)), followed by upstream bar (mean = 235.4 cm (SE ± 65.1 cm)) and midpoint bar sites (mean = 126.7 cm (SE ± 54.9 cm)). Throughout a bend, the point of maximum shear stress moves from inside to outside of the bend. Greater cutting accumulation on the downstream edges of bars is consistent with low boundary shear stress in meander-bend flow 11 . Without directly measuring shear stress, sediment size provides a way to understand the relative shear stress of cutting accumulation sites. The expected variations in shear stress around meander bends is reflected in grain www.nature.com/scientificreports www.nature.com/scientificreports/ size distributions, where the coarsest sediments are found in pools near the outside bank, just downstream of the point bar, while fine sediments are transported toward the inside and downstream part of the bend, where shear stresses are lower 11 . Sites with lower shear stress are sites that may protect seedlings from scouring flows. Grain size distributions are not only important for understanding shear stress, but also for determining whether cuttings are being deposited in sandy sediment that retains moisture needed for willow establishment 12 . Fine and medium sand were most common at downstream point bar quadrats at 1 m from the low-flow channel (n = 10 and 11 respectively) and were associated with large cutting accumulations (Fig. 4) , although medium sand quadrats contained the greatest cutting accumulations across all distances from the channel (Fig. 4) .
Location relative to the active channel explains a significant amount of the variability in total length of cuttings between quadrats (χ 2 (2) = 618.6, p < 0.001) (Fig. 4) . Within each site, quadrats were placed at the low-flow stream edge and at 1 m and 3 m from the stream edge. The 1 m quadrats accumulated the greatest total length (mean = 323.8 cm (SE ± 55.62 cm)), followed by the quadrats adjacent to the low flow channel (0 m quadrats, mean = 247.3 cm (SE ± 51.1 cm)). The 3 m quadrats were the least likely to accumulate cuttings (mean = 164.2 cm (SE ± 70.9 cm)). In most cases, sites at the 3 m distance were on average 70 cm above the low-flow channel elevation and 40 cm above the bankfull channel elevation, and only larger floods are likely to push cuttings this far onto the floodplain.
Channel sinuosity, morphology and hydraulics appears to control cutting accumulation as well. Along Odell Creek, the upper reaches with steeper gradient and coarse gravelly bed sediment have no major accumulations of beaver cuttings. Field observations also indicate that the lower gradient, meandering reaches of Odell Creek and Red Rock Creek accumulate more willow cuttings than the higher gradient, less sinuous reaches of EFBD Creek (Table 1 , Fig. 3 ). On small headwater streams such as Alkali Creek (Table 1) , the lack of well-developed point bars appears to inhibit beaver cutting accumulations, even though consecutive beaver occupancy surveys indicate that dams may persist there for at least a decade. On larger regional rivers such as the Madison and Clark Fork Rivers in Montana 13 , beaver have currently and historically occupied smaller side channels; these exhibit some beaver cutting accumulations, but the cuttings appear to have limited influence on river processes in these high-energy systems.
Beaver cuttings and willow recruitment. We counted sprouts from cuttings in each quadrat, which yielded a mean number of sprouts per quadrat of 0.5 (SE ± 0.1), with a total of 72 sprouts across all quadrats in the study area. Although this number is relatively low compared to the total length of cuttings, sprouts were present at 25% of all sites and appeared to be more numerous with a greater total cutting length (Fig. 4 ). Sprouts were most commonly associated with sites with sandy deposits, especially medium sand. Forty-five percent of medium sand quadrats had sprouts, with a mean of 1.2 sprouts per quadrat (SE ± 0.4), possibly because of significantly more cutting length available for sprouting (7620 cm). Coarse sand quadrats had the highest mean sprout content (1.6 sprouts/quadrat (SE ± 1.4) and showed the greatest sprouting success per available cutting length (1020 cm). www.nature.com/scientificreports www.nature.com/scientificreports/ Overall, these data indicate that beaver herbivory results in deposition of abundant cuttings on suitable substrates, making vegetative propagation a viable mechanism for recruitment. We tested whether total cutting length at a site had a strong control on the number of sprouts produced and found that the relationship was not significant.
The effect of beaver cuttings on channel processes, floodplain evolution and carbon burial. Cuttings added to stream channels by beaver activity are also likely to alter sedimentation processes at low-energy depositional sites. Although the cuttings are small in diameter, they are deposited in clusters ( Fig. 2) with the initial deposition of fine woody debris making it more probable that additional cuttings will be trapped at the site 14 . www.nature.com/scientificreports www.nature.com/scientificreports/ Holocene terraces from 1.2-3 m above the low-flow channel represent former floodplains of these streams, and their deposits are commonly well-exposed in cutbanks and well-distributed throughout the meandering middle reaches of the creeks. Thirty-four radiocarbon ( 14 C) ages show that beaver cuttings range in age from ~6030-380 cal yr BP (Fig. 1) demonstrating that deposition of beaver cuttings has been a common process over millennia. The subfossil beaver cuttings appear in discrete, laterally extensive layers with high concentrations of willow stems, cleanly cut at an angle typical of beaver-chewed wood (Fig. 5) . The cuttings layers have a narrow range in radiocarbon age and are mostly contained within sandy sediment overlying coarser sand, pebbles, or gravel; on top of the cuttings are fine sands grading to thick deposits of sandy silt. This upward-fining trend is typical of point-bar deposits and overlying overbank sediments 15 . Sedimentary sequences associated with abandoned beaver dams in the study region feature localized woody debris accumulations, berm-like surface forms, and thick, muddy, organic-rich pond sediments 16 . In contrast, we find that Holocene sediments containing beaver cuttings along the meandering streams of this study most closely resemble point-bar deposits. The abundance of beaver cuttings on modern point bars (Fig. 4(b) ), including those being buried by sediment, provides a strong modern analog in support of this interpretation.
Active versus abandoned dams. Beaver dams in southwest Montana streams have variable longevity as intact structures, but the breached remnants of those dams persist much longer and make up the majority of instream beaver structures. In the field, abandoned dams were identified where some remnant of the dam lay 
Creek, long-term monitoring shows that beaver reoccupy sites at >5 year intervals, with locations of beaver occupancy shifting throughout the available habitat along the streams. Dam sites are active over an average of three years on these two midsize streams. We measured the upstream influence on water surface slope on Odell Creek and EFBD Creek and found that active dams are affecting slope over 3% and 4%, respectively, of the total surveyed channel length. On smaller, adjacent Alkali Creek, a 2016 survey identified 24 active dams and 24 abandoned dam sites in 10 km, and comparison with a 2009 survey and USDA NAIP imagery from 1995-2014 show that dam positions for 6 of the largest dams have remained consistent for 7 years. One of the large beaver wetlands on Alkali Creek has remained intact since 2005, with others persisting for >5 years. On Alkali Creek, abandoned dam sites maintained an average of 70% of cross-channel extent. On Odell Creek and EFBD Creek, some dam remnants can persist within channels and influence flow patterns and sedimentation for at least a decade.
Along the study steams, we observed that meanders had been initiated by beaver dam remnants that deflected flow toward the opposite bank 17 . Dam remnants that were stabilized by live plant stems sprouted from cut willows used in dam construction were particularly effective in directing flow. In typical meander bends, shear stress is concentrated at the outer bank, promoting cutbank erosion and the transport of coarse bed load, whereas fine sediment is deposited along the inner bank 11 . In the case of a breached dam, a remnant can act as the inner bank, with deposition further enhanced by sprouting willow. Thus, the beaver dam remnant forces the channel to shift laterally over time.
As beaver occupy and abandon sites, dam sites shift from intact to breached, to abandoned, creating a mosaic of habitats that influences reproductive opportunities for riparian plants and aquatic organisms. Dams along our study streams elevate water levels within the channel and enhance wetlands across the floodplain. The 8 largest wetlands on EFBD Creek total 4.6 hectares over 4 kilometers of stream, while total beaver-generated wetlands on adjacent Alkali Creek total 1.2 hectares over 10 kilometers of stream. All wetlands were delineated during the baseflow period when flooding would not otherwise be occurring.
Intact dams can also enhance channel dynamics by promoting avulsions. In ten years of observations on Odell Creek, two channel avulsions were associated with beaver damming. Each avulsion caused abandonment of a channel segment, resulting in sediment trapping within the segment and initiation of sediment stabilization as vegetation began developing on bars (Supplementary Fig. 1) . One of the avulsions created a new wetland adjacent to the redirected channel. We observed additional beaver dams producing overbank flow during seasons and low-flow years when flooding would not otherwise be occurring. Raising local flow stage creates a patchwork of disturbance environments, affecting riparian plant communities through inundation die-offs, and initiating primary succession on bare mineral substrate left behind by receding floodwaters, as documented in other studies 18 .
Discussion
In all states of repair, beaver dams induce disturbance that enhances stream dynamics and riparian ecosystem function. Active, intact dams have been recognized as beneficial to restoring incised streams with disconnected floodplains 19, 20 , and for some time have been seen as an important tool in stream restoration 21 . Our observations provide additional support for the impacts of intact dams. At any point in time, however, active beaver dams affect a small proportion (<5%) of the total channel length on our Montana study streams. Breached or failing beaver dams nonetheless have persistent effects on fluvial processes and can produce desirable restoration outcomes 17, 22, 23 . Breaches, where part of the dam remains intact, are common within our study sites, and on other North American streams 24 . Dams usually breach under high stress during flood discharges 24 , typically during the snowmelt pulse on the Montana study streams 17 . Like large woody debris 25, 26 , the remnants of breached beaver dams perturb water surface slope and add channel roughness, especially where cuttings have sprouted 27 . Both the decrease in slope and the added roughness promote sediment retention, raising bed elevations near the dam and creating a topographic high that begins to act like a point bar 17 . In the field of river restoration, a project is usually considered a failure when constructed elements "blow out" 28 . In the case of beaver dams, however, the remnants of a "blow out" continue to promote habitat diversity beyond the effects of the initial structure. Dam breaching is a critical part of the beaver cycle in streams and acts as an additional disturbance in the riparian corridor, an outcome desired in many restoration projects 29 .
The addition of small-diameter willow cuttings may act in a similar way to dam remnants, though the effect is less direct. Hydraulic roughness is increased by their accumulation, and as additional cuttings are trapped and roots are established, the effect will increase. Small roughness elements-including larger gravel 30 , grass, and willow sprouts-can stabilize bar sediments and promote additional sedimentation 31 . In developing meanders, inner-bank deposition is the predominant process during frequent, small floods 32 . As the point bar builds outward, aided by roughness from willow cuttings, more flow is directed toward the outer cutbank 33 and shear stress is reduced on the inside of the bend.
More broadly, the cycling of beaver activity through the channel network promotes habitat heterogeneity and enhances reproductive opportunities for riparian plants. At any given time, a typical functioning beaver stream encompasses a mosaic of site types, including intact dams, recently breached or abandoned dams, and long-abandoned dams, often interspersed with reaches unsuitable for beaver colonization 34 . Beaver relocate when resources are depleted at their dam site and move to where preferred food is available 35 . Some sites can sustain a beaver colony for many years, while some may be occupied for only a brief interval 2 . Site occupancy also depends on suitable geomorphic characteristics of a particular site, which varies between reaches and catchments 16, 17, 34 . www.nature.com/scientificreports www.nature.com/scientificreports/ Shifting occupancy by beaver creates ever-changing areas of fresh, moist sediment, including some where vegetation is also recovering following a die-off from inundation 27, 36 . For riparian vegetation, the shifting mosaic of beaver activity can generate variability in ages and species distributions 2, 6, 36 that also results in spatial variations in overbank flow on floodplains. For example, with their closely spaced stems and dense low canopies, willows promote deposition, and offer more protection from erosion in extreme flood flows than cottonwoods 27 . Riparian communities along streams that lack beaver or large wood are dependent on flood disturbance and channel migration to provide colonization sites on bare sediment 37, 38 , thus shrub and tree distribution is closely tied to flood occurrence. Flood levels must also be fortuitously timed with seed dispersal 39 . The result is vegetation in cohorts with ages tied to flood events 38 . In beaver-occupied stream systems, however, beaver produce a steady supply of cuttings and substrates for regeneration (Figs 2, 4) , allowing plant recruitment to occur throughout the growing season 40 . Beaver are most active during the summer months. Declining discharges could strand beaver-cut stems over a range of elevations below crest stage, just as seeds are stranded by falling flows 41 . The data indicate that moderate to low flows deposit most of the cuttings, coincident with times when beaver are most actively harvesting willow during declining discharge after snowmelt runoff peaks in late May and early June.
Our work also shows that there is some variability in the degree to which beavers disturb a channel that is related, in part, to stream discharge and sinuosity. Frequent breaching, and therefore the ability of breached dams to affect channel morphology, is more common in streams with greater discharge 17 , while the point bars of more sinuous streams provide sites for establishment of seedlings during frequent bankfull flood events 42 . Consistent with our findings, the downstream sides of point bars were important sites for establishment of willow vegetative propagules following a large flood that occurred out of phase with willow seed release 40 . Additionally, lateral accretion of material in migrating bends provides increasing shelter from scour for saplings 42, 43 Overall, despite beaver impacts being partially dependent on catchment characteristics, the variability in beaver occupancy in both space and time creates riparian patchiness and habitat heterogeneity along the stream corridor 17, 34, 44 with beaver enhancing multiple pathways for willow reproduction (Fig. 6) .
In addition to reproduction through seeds, which is likely dominant, beaver herbivory and construction of dams and lodges provide a secondary pathway for willow reproduction through the generation of abundant cuttings. Our data show that beaver cuttings are a prolific source of plant propagules to stream networks. Prior work on willow reproduction indicates that floodplain willow cuttings successfully reproduce under a wide range of moisture, sediment and burial regimes-particularly in comparison to non-floodplain willow 45 -supporting vegetative propagules as a viable reproductive pathway in dynamic floodplain environments 46 . Genetic data show that sexual reproduction likely dominates in Salicaceae, but the ratio of asexual and sexual reproduction can vary greatly even between different populations of the same species, with variability attributable to local site factors 46 which could include the presence of beaver. Relative to seeds, willow vegetative propagules have a greater reserve of carbohydrates and water within the stem, so are more viable under adverse conditions 8, 47 . Without generation of propagules, willows depend on the large quantities of short-lived, non-dormant seeds produced each year 7, 48 . Generation of seedlings is highly dependent on newly deposited moist sediment, which in the absence of beaver may occupy a very small percentage of the landscape 18 , and may not be available during the short window of seed viability 40 . Additionally, seeds of willow appear to have a limited range of dispersal 18 , whereas vegetative propagules can float downstream for comparatively long distances 49 , despite trapping by beaver dams and stranding on point bars and other depositional sites along the way. The reproductive strategies of willow along with our findings from Montana streams lead us to hypothesize that the vegetative propagule mode of reproduction should increase in relation to the abundance of beaver in a stream, at least where population size is not strongly limited by food resources, but this remains to be tested.
Our observations of large cutting accumulations on point bars of many other streams in western Montana (e.g., Upper Ruby River, Beaverhead River and tributaries, and Upper Clark Fork River) and across the Rocky Mountain region indicate that fine woody debris accumulations from beaver herbivory are common. In addition, 14 C dating of these accumulations in Holocene floodplain sediments along Odell Creek and in the greater Yellowstone region 16, 50 shows that cuttings are stored over timescales of millennia (Figs 1, 5) , showing that an active beaver dam cycle in headwater streams can both affect channel morphodynamics and promote the long-term burial of organic carbon within floodplain sediments. Headwater alluvial streams with actively migrating channels and beaver activity are important locales for carbon storage in mountain rivers, accounting for ~75% of total carbon in the stream network 9 . Wohl 51 estimated that wet beaver meadows can account for 23% of the total carbon stored in the landscape, but this may be a conservative estimate of beaver contributions to carbon storage, as beaver-cut stems in point-bar deposits were not included. Along unconfined meadow reaches of mountain streams where large wood is rare, beaver activity may be the predominant mechanism for carbon storage. The multi-millennial preservation of beaver-chewed wood in point-bar sequences along Odell Creek attests to the importance of beavers in carbon storage well beyond dam sites.
Without beaver, initiation of primary or secondary succession requires flood events or channel migration 38 . The loss of beaver from stream systems across northern latitudes has meant that much of the research on functioning riparian systems, riparian plant establishment, and the interplay of water and sediment in streams, is grounded in research from sites lacking beaver 2 . Our work shows, however, that beaver can facilitate multiple pathways for plant colonization (Figs 2, 6 ) and add to both channel and riparian habitat diversity even after dams are abandoned. Riparian plants reproduce through seed, vegetative propagules and regeneration from damaged plant material, with each pathway augmented by, or predicated on, disturbance. Like other types of disturbance, beaver activity resets succession, allowing pioneer species to gain a foothold. In North American and Eurasia, the full cycle of beaver activity -including dam building, breaching and herbivory -enhances fluvial and floodplain dynamics, and promotes the reproduction and regeneration of riparian plants, not only at active dam sites, but throughout intervening stream reaches as well. Evaluating beaver activity for system-wide effects should be considered in the research and management of fluvial and riparian system dynamics.
www.nature.com/scientificreports www.nature.com/scientificreports/ Methods study area. Investigations focused on Odell Creek, with ancillary data on three other streams, East Fork of Blacktail Deer Creek (EFBD Creek), Red Rock Creek and Alkali Creek. All study streams are within the upper headwaters of the Missouri River system in southwestern Montana, USA (Fig. 1) . The study reaches on Odell Creek and Red Rock Creek are located within Red Rock Lakes National Wildlife Refuge, and EFBD Creek and Alkali Creek study reaches are located within the Gravelly-Blacktail Wildlife Management Area, managed by Montana Department of Fish, Wildlife and Parks. All study reaches have experienced limited human impact, so provide a valuable reference for studying intact abiotic-biotic interactions. Annual hydrographs across the region are dominated by snowmelt, with peak flows occurring in May and June. The three large streams feature gravel-bed, pool-riffle meandering channels and broad floodplains over most of the study reaches; Alkali Creek shows low-sinuosity meandering in some sections, but is predominantly a plane-bed channel (after ref. 52 ) and has a narrow floodplain in areas lacking beaver (Table 1) .
Beaver cutting accumulations. Along Odell Creek we measured the total length of beaver cuttings at 90 sites, within three randomly selected 800 m stream reaches spread over 4 km (Data available at https://doi. org/10.17605/OSF.IO/B2JWS). The sites were selected using a stratified random sample based on 3 channel morphologic classes: point bar, straight reach, or cutbank. Within each site, a 0.5 × 0.5 m quadrat was placed at the late summer flow stream edge, as well as at 1 m and 3 m from the active channel, to measure willow cutting accumulation as a function of distance from the channel and relative elevation above low-water stage, yielding a total of 270 quadrats. Within each quadrat we summed the lengths of beaver-generated willow cuttings, as identified by www.nature.com/scientificreports www.nature.com/scientificreports/ clearly beaver-chewed ends, and counted the number of sprouts growing on the willow cuttings. We also recorded the surface sediment size that covered >50% of the quadrat, from silt through cobble gravel, using the Wentworth grain size classification 53 . The results for cutting accumulations along Odell Creek showed that as depositional loci, point bars were significantly more important for storing cuttings (Fig. 4 (b) ), so we exclusively sampled point bars along three 800 m reaches on Red Rock Creek and five 800 m reaches on EFBD Creek Along Odell Creek we recorded lengths of beaver generated willow cuttings within the quadrats. Using the program R 54 , we performed linear mixed effects analyses 10 to assess parameters that may influence where and how beaver cuttings are deposited. In each model, the random effect was site name and the fixed effects were the variables of the parameter of interest. To test how each parameter affected mean willow cutting length for a site, we used Chi-squared likelihood ratio tests where the full model, including the parameter of interest, was tested against the null model without the parameter of interest.
Beaver occupancy surveys. Walking surveys, conducted by Montana Fish, Wildlife and Parks and The University of Montana Western, and long-term monitoring on Red Rock and Odell Creeks, along with comparison of sites from National Agriculture Imagery Program (NAIP) imagery were used to document the presence and persistence of individual beaver dams. Data from all methods were used to determine beaver occupancy and abandonment periods.
Subfossil beaver cutting accumulations. Beaver cuttings were collected for radiocarbon dating during stratigraphic investigations of streambank exposures. The beaver cuttings, generated in the stream corridor and quickly buried by progressive point bar sedimentation before decay, are not likely to have been reworked from older deposits, as uncharred woody materials previously preserved in water-saturated sediments are likely to decay rapidly when re-exposed and subjected to an oxygenated environment. The cuttings should thus reflect the age of surrounding sediments, as well as the timing of beaver activity. Rootlets were carefully removed from all wood and charcoal prior to dating. Standard pretreatment procedures 55 were used prior to analysis. Samples were 14 C dated using accelerator mass spectrometry (AMS) 56 at the University of Arizona AMS facility. Three samples were sent to Beta Analytic Incorporated and were dated using radiometric methods requiring larger sample size. Radiocarbon ages were calibrated to calendar years before present (cal yr BP) using CALIB and the IntCal13 calibration curve 57 . For simplicity of discussion within the paper, individual 14 C ages are reported using the median probability of the calibrated age distribution, providing a central point estimate (Fig. 5) 
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Data Availability
The datasets generated and analyzed during the current study are available in the Open Science Framework (OSF) repository at the following address: https://doi.org/10.17605/OSF.IO/B2JWS.
